The mechanism for "NH4+ switch-off/on" of nitrogenase activity in Azospirillum brasilense and A. lipoferum was investigated. A [39] ) has been well studied in the purple nonsulfur photosynthetic bacterium Rhodospirillum rubrum. In R. rubrum, the loss of cellular nitrogenase activity during switch-off by NH4Cl is correlated with the covalent modification and resulting inactivation of dinitrogenase reductase (13). The covalent modification consists of the ADP-ribosylation of dinitrogenase reductase at . This reaction is catalyzed by dinitrogenase reductase ADP-ribosyltransferase (DRAT) (18, 19) . Dinitrogenase reductase is composed of two identical subunits, and the ADP-ribosylated subunit migrates more slowly than the unmodified subunit during sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Dinitrogenase reductase-activating glycohydrolase (DRAG) catalyzes the removal of the ADP-ribose group from the inactive dinitrogenase reductase, thereby reactivating the dinitrogenase reductase (20, 31, 32 
Biological nitrogen fixation is catalyzed by the nitrogenase complex, which consists of two proteins: dinitrogenase (MoFe protein) and dinitrogenase reductase (Fe protein) (21) . During the reaction, dinitrogenase reductase donates electrons to dinitrogenase one at a time, with concomitant ATP hydrolysis. The reduced dinitrogenase catalyzes the reduction of N2 to 2 NH3 molecules and reduction of two protons to H2 (33) . This is an energy-demanding process, theoretically consuming at least 16 ATP molecules for each N2 molecule reduced. It is not surprising that the nitrogenase system is highly regulated at both the gene expression level (8) and the posttranslational level (23, 38) .
Exogenous NH4' rapidly and reversibly inhibits nitrogenase activity in whole cells of a variety of nitrogen-fixing microorganisms (23; 38 and references therein). The mechanism for NH4' switch-off/on (terminology of Zumft and Castillo [39] ) has been well studied in the purple nonsulfur photosynthetic bacterium Rhodospirillum rubrum. In R. rubrum, the loss of cellular nitrogenase activity during switch-off by NH4Cl is correlated with the covalent modification and resulting inactivation of dinitrogenase reductase (13) . The covalent modification consists of the ADP-ribosylation of dinitrogenase reductase at Arg-101 (29) . This reaction is catalyzed by dinitrogenase reductase ADP-ribosyltransferase (DRAT) (18, 19) . Dinitrogenase reductase is composed of two identical subunits, and the ADP-ribosylated subunit migrates more slowly than the unmodified subunit during sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Dinitrogenase reductase-activating glycohydrolase (DRAG) catalyzes the removal of the ADP-ribose group from the inactive dinitrogenase reductase, thereby reactivating the dinitrogenase reductase (20, 31, 32) .
Genes coding for the R. rubrum DRAT and DRAG activities have been cloned and sequenced (W. P. Fitzmaurice, L. L. Saari, R. G. Lowery, P. W. Ludden, and G. P. Roberts, Mol. Gen. Genet., in press). The draT gene is transcriptionally upstream of draG, and the dra region is located next to nifjI, which codes for dinitrogenase reductase, the substrate for DRAT and DRAG. Substantial evidence has been provided that this type of covalent modification also operates in Rhodobacter capsulatus (12; Y. Jouanneau, C. Meyer, and P. M. Vignais, in H. Bothe, F. J. de Bruijn, and W. E. Newton, ed., Nitrogen Fixation: Hundred Years After, 1988, p. 173), Chromatium vinosum (7) , and Azospirillum brasilense and Azospirillum lipoferum (10) . The Azospirillum species are the only nonphotosynthetic bacteria so far demonstrated to possess this covalent modification system for nitrogenase.
Azospirillum spp. are gram-negative, vibroid, microaerobic, N2-fixing bacteria (4) . Fou'r species have been described: A. brasilense, A. lipoferum (36), A. amazonense (24) , and A. halopraeferans (30) . They fix N2 in soil and in association with the roots of economically impor-tant cereztl crops, such as corn, wheat, and rice (4). It has been suggested that when Azospirillum spp. colonize roots of cereals and forage grasses, they increase yields by improving root development, increasing the rate of water and mine'ral uptake, and providing biologically fixed nitrogen (27) . Because of their potential agronomic importance, considerable research has been focused on the azospirilla (4) . A better understanding of their nitrogenase system and its regulation will be helpful in the application of the azospirilla as effective biofertilizers.
We have demonstrated that NH4CI reversibly inhibits nitrogenase activity in A. brasilense,. A. lipoferum, and A. amazonense (10) and have suggested that NH4' regulates nitrogenase activity by covalent modification of dinitrogenase reductase in A. brasilense and A. lipoferum, but not in A. amazonense (10, 34 Nitrogenase assay in vivo and in vitro. Nitrogenase activity was measured as the acetylene reduction rate (3) . For the in vivo assay, the acetylene reduction activity of the culture was monitored in a vigorously stirred chamber (130 ml) under a constant P02 (10) . The ethylene produced was measured with a gas chromatography unit equipped with a flame ionization detector. The nitrogenase activity of whole cells is expressed as nanomoles of ethylene formed per milliliter of cell culture per unit time when the OD580 was normalized to 1.0 (at this optical density, the cell protein concentration is approximately 300 pLg/ml).
For the in vitro assay, the dithionite-dependent acetylene reduction reaction was performed anaerobically in 9-ml serum bottles. The reaction mixture (1 ml) contained 100 ,ug of creatine phosphokinase, 40 p.mol of creatine phosphate, 15 p.mol of magnesium acetate, 0.5 VLmol of manganese chloride, 30 imol of MOPS buffer (morpholinepropanesulfonic acid, pH 7.0), 5 p.mol of ATP, and 5 jmol of sodium dithionite. The reactions were started by adding the nitrogenase fraction and were run for 30 min at 30°C; 0.3 ml of trichloroacetic acid (TCA; 25 g of TCA made to 100 ml with water) was added to stop the reaction. The gas phase was analyzed for the production of ethylene by gas chromatography.
Preparation of crude extracts. Three methods were employed to prepare crude extracts for determining the modification state of dinitrogenase reductase, DRAT activity, or DRAG activity.
To monitor the change of the subunit pattern of dinitrogenase reductase during the NH4' switch-off and switch-on process in vivo, 5 ml of cultures from the 02 chamber at different times (see below) was collected quickly on glass microfiber filters (Whatman GF/A) under N2 gas, and the filters were frozen immediately in liquid nitrogen (10, 13) . Cells were disrupted by grinding the frozen filter with carborundum in an anaerobic buffer (13 30 min on ice. After sonication and centrifugation as described above, the supernatant (supernatant in Table 2 ) was used as a crude extract to assay DRAG activity and for making nitrogenase complex preparations. The nitrogenase complex (inactive nitrogenase mix) is the substrate for the DRAG assay. This nitrogenase complex contains active dinitrogenase and ADP-ribosylated dinitrogenase reductase (darkinitiated for R. rlibrilm [13] and anaerobically initiated for A. lipoferlim [9] ).
To determine the location of the DRAG activity, the pellet fraction was suspended in low-concentration buffer (25 mM Tris-acetate, pH 7.8) and centrifuged again at 125,000 x g for 3 h. The resulting supernatant was the buffer wash fraction, and the pellet was suspended in high-salt buffer (0.5 M NaCl in 25 mM Tris-acetate, pH 7.8). The salt wash fraction (I) was collected after centrifugation as above. The salt-washing step was repeated once to obtain the second fraction of salt wash (II). The membrane portion of the final pellet was suspended in 25 mM Tris buffer as the final fraction. All these fractions were stored in liquid nitrogen until assayed.
To prepare the inactivated nitrogenase complex of A.
lipoJerum and R. riubrulm (32) DRAG assay. DRAG activity was estimated by coupling the activation of the inactive dinitrogenase reductase to the acetylene reduction assay for nitrogenase activity (32) . In the absence of the DRAG enzyme, the inactive nitrogenase mixture showed low background activity, and this background activity was subtracted from the activity values obtained with DRAG present. The acetylene reduction rate is calculated on the protein of the DRAG fraction.
SDS-PAGE and enzyme-linked immunoblotting. An SDS-PAGE system was used essentially as described by Laemmli (15) or as modified by Kanemoto and Ludden (13) Protein assay. Protein concentrations were determined with the micro-biuret method of Goa (6) with bovine serum albumin as the standard.
DNA preparation. The total DNA of each Azospirillum spp. and R. rubrum was isolated by the procedures of Maniatis et al. (25) . For making hybridization probes, plasmid DNA was isolated by the alkaline extraction procedure of Birnboim and Doly (2) and digested with appropriate restriction enzymes (see below). DNA fragments were separated on agarose gels by electrophoresis, and the specific bands containing draT or draG were excised and purified from the gel with a GeneClean Kit (Bio 101, La Jolla, Calif.) according to the manufacturer's specifications.
32P-labeling of DNA probes and Southern hybridization.
The restriction fragment probes of draT or draG (0. 
RESULTS
Correlation between in vivo regulation of nitrogenase activity and reversible modification of dinitrogenase reductase. In A. brasilense and A. lipoferum, the addition of NH4Cl or glutamine to derepressed cells gradually and completely inhibited nitrogenase activity (10) . The reversibility of the inhibition could be observed over a short time course when low concentrations of inhibitors were used, e.g., 0.2 mM NH4C1 (Fig. 1A) (10) . To monitor dinitrogenase reductase modification during the process of reversible inhibition of nitrogenase activity in vivo, cell samples were collected rapidly (30 s) on filters and frozen in liquid nitrogen to quench cellular metabolism. Acetylene reduction rates of whole cells and the dinitrogenase reductase electrophoretic pattern were monitored at the same time. Figure 1 shows the switch-off and switch-on of nitrogenase activity in the presence and absence of NH4C1 in A. brasilense Sp7. Before NH4C1 treatment, nitrogenase was active and dinitrogenase reductase appeared as a single type of subunit, indicative of the active form (Fig. 1B) . At 10 min after NH4Cl (0.2 mM) addition, whole-cell nitrogenase activity was gradually inhibited (Fig. 1A) and a second type of subunit of dinitrogenase reductase increased markedly concomitantly (Fig. 1B) . This subunit moved electrophoretically slightly above the unmodified subunit. The intensity of the modified subunit was similar to that of the unmodified form, suggesting a 1-to-1 ratio. After 45 min of NH4C1 treatment, nitrogenase activity recovered, apparently because of exhaustion of the exogenous NH4+; at the same time, the intensity of the modified bands decreased. It is the modified subunit of dinitrogenase reductase that becomes radiolabeled when treated with NH4Cl in vivo in the presence of 32p-in the medium (10). For A. lipoferum, inhibition of nitrogenase by NH4C1 in vivo was also correlated with the covalent modification of dinitrogenase reductase (data not shown).
Glutamine, like NH4Cl, also causes inhibition of nitrogenase activity in vivo in Azospirillum spp. (10) . Figure 2 shows how the subunit pattern of dinitrogenase reductase changed during the process of glutamine inhibition. Before glutamine addition, there was only one type of detectable subunit for dinitrogenase reductase. The inhibition of nitrogenase activity in vivo by 0.5 mM glutamine (5 and 10 min, data not shown) was also accompanied by the appearance of the slower-migrating bands (lanes 2 and 3) of dinitrogenase reductase; these comigrated with the ADP-ribosylated subunit of dinitrogenase reductase from R. rubrum (upper band of lane 7). When the nitrogenase activity resumed after the depletion of added glutamine (55 min after 0.15 mM glutamine was added), the modified subunit of dinitrogenase reductase disappeared from the gel (lane 4).
Addition of methionine sulfoximine (MSX), an inhibitor of glutamine synthetase, prevents the inhibitory effect of NH4' on nitrogenase (10) immunoblots with antiserum against R. rubrumn dinitrogenase reductase. Culture samples (5 ml) were withdrawn during the course of the NH4' switch-off/on experiment (panel A). collected rapidly on microfiber filters, and frozen. The extracts were prepared by grinding the filter in anaerobic buffer and analyzed with SDS-PAGE (10% T. 0.58% C) followed by immunoblotting. Samples were collected before (+) or 10 min (+ inside circle; switch-off phase) or 45 min (+ inside two circles; switch-on phase) after the addition of 0.2 mM NH4CI. Peak i, Covalently modified subunit of dinitrogenase reductase; peak a, unmodified form.
verses both the NH4' inhibition and the modification of dinitrogenase reductase. Azaserine inhibits the NH4' assimilation pathway primarily by blocking the glutamine oxoglutarate aminotransferase reaction. The inhibition by azaserine in turn probably increases the intracellular glutamine concentration (14). The addition of 1 mM azaserine to A. lipoferuim cells derepressed for nitrogenase gradually decreased their acetylene reduction rate, and the modified subunit of dinitrogenase reductase appeared simultaneously (lanes 5 and 6, Fig. 2 ).
DRAT activity. Table 1 and Fig. 3 show NAD-dependent DRAT activity in crude extracts of A. brasilense. Azospirillum cultures were grown in the minimal medium with excess NH4'. The dinitrogenase reductase of K. pneilmoniae was used as the substrate, because it gives high activity in the in vitro assay for R. rubrum DRAT (18) .
The crude extract of A. brasilense, in the presence of MgCl2 and ADP, catalyzed the incorporation of 32p from [ot-32P]NAD into the TCA-precipitable fractions (Table 1) . This DRAT assay is dependent on the presence of dinitrogenase reductase, and in its absence only background labeling was recorded. Inclusion of the partially purified DRAT in the reaction mixture caused a dramatic increase in radioactivity retained on the filter. The 32p in the TCA-precipitated fractions was specifically incorporated into the dinitrogenase reductase of the reaction mixture (Fig. 3) . When proteins in a sample of reaction mixture (Table 1) were separated on SDS-PAGE, only one band was radiolabeled (lane 2, Fig. 3 ). This band corresponded to the position of dinitrogenase reductase from K. pneimoniae, which was revealed by cross-reaction with antiserum produced against dinitrogenase reductase. The purified DRAT alone or DRAT plus extracts of A. biasilense gave high activity (samples 4 and 5, Table 1 ) as a positive control and showed an intensely radiolabeled band on the autoradiogram (lanes 4 and 5), which comigrated with the band from A. brasilense extracts. Lanes 1 and 3 showed that no proteins were labeled if Table 1. dinitrogenase reductase was omitted from the reaction system.
The extracts of A. lipoferum did not give any appreciable amount of DRAT activity. However, the reaction mixture that included purified DRAT also showed only background counts, suggesting that crude extracts of A. lipoferiim may contain a high level of an NAD-degrading activity. To test this possibility, [32P]NAD was incubated in the extracts of A. brasilense and A. lipoferum for 15 min, and the products were subjected to TLC and autoradiography. NAD was completely degraded by A. lipoferum extracts, but not by extracts from A. brasilense (data not shown).
DRAG activity. In R. rubrum, the chromatophore membrane-associated DRAG activity is responsible for the in vitro activation of inactive dinitrogenase reductase by the removal of the ADP-ribose group (20, 30, 32) . DRAG has been purified to homogeneity (32) . A. brasilense Sp7 has a three-component nitrogenase system (22) : dinitrogenase, dinitrogenase reductase, and an activating factor (DRAG). DRAG has been isolated from A. brasilense and can reactivate the inactive nitrogenase of A. brasilense (17, 22) . The rate of the reactivation is increased by Mn2+. DRAG of R. rubrum can substitute for DRAG of A. brasilense to reactivate the inactive dinitrogenase reductase from A. brasilense. Table 2 shows the activation of inactive nitrogenase by DRAG fractions from A. lipoferum SpBrl7 and indicates that the DRAG activity of A. lipoferium is associated with membranes, as it is in A. brasilense and R. rubrum (17, 20, 22, 32) . The DRAG activity could be solubilized with Tris buffer (25 mM, pH 7.8) containing 0.5 M NaCl; after repeated washes with the buffer, some activity still remained on the membranes. The supernatant of the crude extract from A. lipoferum contained relatively high DRAG activity when suspended in 250 mM Tris-acetate (pH 8.5); the high-ionic-strength buffer may have aided in dissociating DRAG protein from the membranes.
The DRAG of A. lipofrrum did not bind to a DE-52 column; it could be concentrated on a column of hydroxyapatite and eluted with 100 mM potassium phosphate, pH (28) . The application of inhibitors of nitrogen metabolism revealed the importance of glutamine to the NH4' switch-off (10, 35) .
MSX, an inhibitor of glutamine synthetase, prevented the inhibition of nitrogenase activity by NH4' . When MSX was added after the NH4' treatment, the NH4' inhibition was reversed, and this was accompanied by the demodification of dinitrogenase reductase. Azaserine, an inhibitor of glutamine oxoglutarate aminotransferase, strongly inhibited nitrogenase activity by itself, perhaps by increasing the cellular glutamine level. Azaserine inhibited nitrogenase activity in vivo, and this was accompanied by modification of dinitrogenase reductase. Glutamine, like NH4+, reversibly regulates nitrogenase activity by inducing covalent modification of dinitrogenase reductase (Fig. 2) . These data support the idea that glutamine and/or a derivative of it plays an essential role in mediating the ammonium switch-off of nitrogenase, as implicated in several other systems (11, 26, 35 Posttranslational regulation of nitrogenase by covalent modification of dinitrogenase reductase through ADP-ribosylation has been described earlier for certain photosynthetic bacteria, and the present work demonstrates that a similar control system can function in nonphotosynthetic bacteria.
